This study deals with the chip control in turning by in-situ laser heat treatment of work material. Medium carbon steel JIS S45C is chosen as workpiece material because the ductile ferrite-pearlite structure of the base material can be relatively easily changed into the hard-brittle martensitic structure by laser heat. For the purpose of practical use, the direct diode laser (DDL) is selected because of its compact size, easiness of handling and high absorbance. Prior to turning process, the continuous-wave laser beam is irradiated on the workpiece surface in a longitudinal direction. This linear heat treatment makes it possible to break chips in turning every one revolution of workpiece at which the material is embrittled. The chip breakability depends mainly on the ratio of heat-treated depth to depth of cut. In spite that the workpiece is partially hardened, abnormal wear or chipping is not observed on the tool face after turning.
Introduction
In order to improve productivity in cutting, an automatic operation over a prolonged period of time is required as well as high speed cutting, especially in continuous machining such as turning. In the case of automatic turning operation of most ductile materials, chip control is a major concern because the long continuous chip entwined around a workpiece and/or insert have a possibility to damage a machined surface and cutting tool, causing considerable time loss in production.
Therefore, many types of cutting inserts with chipbreaker are developed for chip breaking in turning (1) (2)(3) (4) , in which an obstruction or groove on the rake face of the tool disrupt flow of chip. That is, this irregularity of tool face curls and breaks the chip. However, chip breaking ability depends on the 3D geometry of the chipbreaker and it has little effect on some cutting conditions. In fact, there are a variety of chipbreaker inserts and an appropriate one should be chosen among them. Another approach is to improve machinability of ferrous metals by adding some free-machining additives such as MnS (5) (6) . In this case, some problems still remain in degradation of mechanical strength and/or corrosion resistance of materials, deterioration of environment and such additives are usually expensive. Additionally, there are some methods in which a narrow cutting groove or discharge trails are formed on the workpiece surface for chip breaking (7) . These methods, however, have no practical use.
Recently, the authors have reported the possibility of chip control by partial heat treatment of carbon steel using a Nd:YAG laser (8) . That is, prior to turning process, the Nd:YAG laser is irradiated on the workpiece surface in a longitudinal direction. By this linear heat treatment, relatively regular spiral thin chips are formed and then chips are relatively easy to break in turning at which the material is embrittled. However, the Nd:YAG laser device is large so that it is difficult to construct a built-in laser system on the CNC lathe. The expensiveness also disturbs a practical application. In this study, the direct diode laser (DDL) is used as a practical in-situ heat treatment device in turning. This DDL is compact and is easy to install on the toolpost of the lathe. In addition, the diode laser used has higher absorption rate against carbon steel compare with Nd:YAG laser (9) . The effectiveness of partial laser heat treatment on the chip breakability in turning of carbon steel is investigated as well as the breaker tip. The wear characteristics of the tool in turning of partially hardened steel are also examined.
Experimental procedure
The work materials used in this study is a medium carbon steel JIS S45C which is widely used in machine components and has good thermal processability. If our proposed technique is applicable to carbon steel, it is worth doing. The chemical compositions and hardness of work material are shown in Table 1 . The workpiece is normalized after hot forging in such a way that it is heated to 850ºC for five hours and allowed to cool freely in air to room temperature. The conditions of laser heat treatment are shown in Table 2 . The direct diode CW-laser (808 nm wavelength) is irradiated on the work surface having the rectangular spot of 2.5×0.1 mm. The average laser power and laser scan rate are changed from 100 to 120 W and 126 to 320 mm/min, respectively. The optical absorbance of carbon steel at 808 nm is approximately 40% (9) . Figure 1 represents the overview of the DDL laser A diode laser is irradiated linearly in the longitudinal direction on the cylindrical workpiece surface as shown in Fig. 2(a) , so that the in-situ selective laser heat treatment is carried out. Then the turning test is executed with the CNC lathe as shown in Fig. 2(b) . The inserts used in this experiment are cemented carbide (ISO P30 grade) and cermet. These inserts have the same geometry (ISO SNMN120408) and a different affinity to work material. The cutting characteristics are evaluated by chip geometry, finished surface, cutting force, cutting temperature and tool wear. The cutting force is measured by a piezoelectric dynamometer and the cutting temperature by a tool-work thermocouple method. As for tool wear, both width of flank wear VB and crater depth KT are measured at an appropriate interval. The cutting speed and feed rate are kept constant at 150 m/min and 0.15 mm/rev, respectively. Only the depth of cut is changed from 0.1 to 0.5 mm. The cutting conditions are summarized in Table 3 . Figure 3 shows the cross section of the JIS S45C steel after linear laser heat treatment. The specimen is etched by a 3% Nital solution for 5 seconds at room temperature. As is obvious in the figure, a clear semicircle heat affected layer is observed, where the martensitic structure is formed in the ferrite-pearlite mother phase. The maximum hardness in this hardened layer is approximately 600HV.
Results and discussion

Heat-treatment characteristic of JIS S45C steel by diode laser
The influence of laser power and scanning rate on the depth and width of heat affected area are shown in Fig. 4 . The width of heat affected area W is considerably larger than the laser spot width (0.1 mm). When the output laser power is 120 W and the laser scanning rate is 126 mm/min, the heat affected area is approximately 0.5 mm width and 0.2 mm depth. It is important that the heat-affected layer should be removed in turning process, so that the depth cut is set approximately heat affected depth or larger. Figure 5 shows the chips generated in turning with the P30-grade carbide tool and the cermet one. As seen in the figure, the continuous chips are generated regardless of depth of cut for both carbide and cermet tools in the case of conventional turning without laser heat treatment. On the other hand, it is noticed that the chips of laser-treated workpiece are broken into small fragments when the depth of cut is below 0.4 mm for both carbide and cermet tools. These broken chips have helical form and their lengths are approximately equal to those generated by one revolution cutting. This means that the continuous chip is broken in the heat affected zone during cutting. As shown in Fig. 3 , the structure of a substrate locally changes form ferrite-pearlite to martensite by laser irradiation, and this martensitic structure has a higher brittleness compare with that of the substrate.
Effect of linear laser heat treatment of workpiece on chip breakability
In turning, the flowing chip generally comes into contact with some obstacles such as work surface, tool surfaces except rake face and some machine-tool elements, and then the bending moment is induced in the chip by such obstructions of chip flow. Thus the local fracture occurs due to the higher brittleness (lower fracture strength) of hardened zone and the chip is broken easily. Figure 6 shows the simplified model of chip breakage by bending moment, in which a bending strain great enough to break the chip arc. The detailed discussion on the mechanism of chip breaking will be done in the next report.
The micrographs of the broken chips are shown in Fig. 7 . In conventional turning, the chip is usually broken by twining around the workpiece or lathe chuck (Fig. 7(a) ). As seen in Fig. 7(b) , the apparent heat-affected zone by laser irradiation is observed at the edge of the chip in each case, and this suggests that almost every chip is broken at the laser-treated It is also noticed that the continuous chips are generated when the depth of cut is 0.5 mm. This result suggests that the heat affected depth should be more than 50% of the depth of cut in order to break chip. In the case of the grooving chip control method where the narrow groove is formed on the workpiece in a longitudinal direction, the groove depth necessary for breaking the chip is approximately half of the depth of cut (7) . Therefore, a deeper pretreatment depth is required in laser-based preprocessing than the mechanical groove method. Judging from the above results, it is concluded that the selective laser heat treatment of carbon steel is useful in chip control in turning.
Effect of chip breaker on chip breakability
As described in section 3.2, the continuous chip is generated when the depth of cut is 0.5 mm even in the laser-treated work. This means that the depth of cut should be less than twice as the heat affected depth in order to break chip. In order to evaluate the chip breakability of the laser-hardening method, the cutting tests with the tool having a chipbreaker is carried out. Figure 8 shows the appearance and geometry of the cutting tool. A carbide breaker-piece (CBS4B) is fixed to an accurate position on the indexable insert of the clamp type holder as shown in the figure. The thickness and wedge angle of the breaker-piece are 2.5 mm and 45°, respectively. The JIS S45C steel is cut with the carbide and cermet inserts under the cutting conditions that cutting speed is 150 m/min, feed rate is 0.15 mm/rev and depth of cut is varied from 0.1 to 0.5 mm. Figure 9 shows the chips generated in turning with carbide and cermet tools having chipbreaker (without laser heat treatment). As seen in the figure, the continuous chips are generated regardless of depth of cut for both carbide and cermet tools. The radius of chip curl curvature becomes somewhat small by this chipbreaker but it has no effect on chip breaking. Consequently, the surface modification by selective laser heat treatment is one of the most effective methods in chip control in turning of carbon steel.
Influence of laser heat treatment on cutting characteristics
The influence of the partial laser-heat treatment on cutting characteristics is also investigated. The cutting characteristics are evaluated by cutting force, cutting temperature, maximum chip thickness, tool wear and surface roughness. Figure 10 shows the maximum chip thickness for both carbide and cermet tools. As shown in the figure, the chip thickness of laser heat-treated workpiece is somewhat smaller than that of conventional case for both carbide and cermet tools. These results suggest the possibility that the adhesion of chips to the tool face is removed by the periodic cutting of hardened segment by laser heat treatment. In fact, the surface roughness of laser-treated workpiece is also smaller than that of untreated one. The influence of the partial laser heat treatment on the surface roughness is discussed in the next report. Figure 11 shows the typical tool wear patterns of the carbide tool for two types of turning. Abnormal or remarkable wear is not observed on the tool face after turning of laser heat treated JIS S45C steel in spite that the workpiece is partially hardened. The wear characteristics of the carbide tool are shown in Fig. 12 . The tool wear is evaluated by flank wear widths VB (side flank), VB''' (end flank) and maximum crater depth KT. It is found from the figure that there is little difference between the wear in conventional turning and that in laser-pretreated turning.
The cutting force and cutting temperature are also measured in turning of untreated and partially laser heat treated JIS S45C steel. For both carbide and cermet tools, almost the same results are obtained between the two. According to the above results, the partially 
Conclusions
A direct diode laser (DDL) is irradiated linearly in the longitudinal direction on the cylindrical workpiece surface for the purpose of chip breaking in turning. The influences of laser irradiation on the chip geometry, cutting force, surface roughness and tool wear are also examined. The main results obtained are as follows. 1. A direct diode laser is available as an in-situ heat treatment device in turning of carbon steel. By linear laser irradiation, a clear semicircle heat affected layer having the hardness 600HV is formed, where the martensitic structure is observed in the ferrite-pearlite mother phase. 2. The continuous chip is broken in the heat affected zone during cutting due to higher brittleness, so that broken chips have spiral form and their length are approximately equal to those generated by one revolution cutting. In addition, the heat affected depth should be more than 50% of the depth of cut in order to break chip. 3. A carbide breaker-piece has no effect on chip breaking regardless of depth of cut for both carbide and cermet tools although the radius of chip curl curvature becomes somewhat small by this chipbreaker. Consequently, the surface modification by partially laser heat treatment is one of the most effective methods in chip control in turning of carbon steel. 4. Abnormal or remarkable wear is not observed on the tool face after turning of laser heat treated carbon steel in spite that the workpiece is partially hardened. There is little difference between the wear in conventional turning and that in laser-pretreated turning. 
